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ABSTRACT 

Ionotropic receptors such as ligand gated ion channels mediate fast synaptic 

transmissions of impulses in the central nervous system. The Cys loop superfamily 

includes ligand gated ion channels that act as receptors for neurotransmitters 

acetylcholine (nACh), gamma aminobutyric acid (GABAA), glycine (Gly) and serotonin 

(5-HT3A). The muscle type nicotinic acetylcholine receptor assembles from five 

homologous subunits to form a heteropentamer. All subunits share a three domain 

topology and structure (1) An extracellular domain with two antiparallel β-sheets housing 

the ligand binding site (2) A transmembrane domain that crosses the membrane with four 

distinct α-helical segments (M1-M4) (3) and a long loop between M3 and M4 forms the 

intracellular domain. The channel is lined by five M2 segments contributed by individual 

subunits. This receptor has a known subunit arrangement of αγαβδ in the clockwise 

direction when viewed from the extracellular side. 

Disulfide trapping between engineered pairs of cysteines is a method to assess the 

separation of the involved cysteines as well as give us a measure of extent of proximity 

and flexibility of the region containing the residues. We monitored inter-subunit disulfide 

bond formation between Cys pairs in different M2 segments in muscle nAChR expressed 

in Xenopus laevis oocytes by two electrode voltage clamp experiments. Chemically, 

cysteine bond formation can be reversed by the reducing agent dithiothreitol (DTT).  We 

investigated αM2 Cys mutants in the αC192S-C193S background with and without the 

corresponding βM2 Cys mutants to determine which positions in M2 can form disulfide 

bonds and compared it to previously published studies in the homologous GABAA 

receptor. This study will help to understand the thermal mobility of the M2 segment and 

how different subunits move relative to one another during gating transitions. 
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CHAPTER I 

 INTRODUCTION 

Nerve cells (Neurons) are the basic building blocks of the nervous system, 

specialized to conduct information in the form of electrical stimuli/impulses. They consist 

of a cell body and two types of branch like fibres called axons and dendrites. The cell 

body has an inherent electric potential and when the impulse received by the dendrites 

from sensory receptors or other nerve cells is more than the intensity threshold, a nerve 

impulse is generated which propagates through the axon to the terminal branches. Once 

the impulse reaches terminal branches, neurotransmitter (NT) substances are released 

conveying the impulse to the receptors on the next cell. 

1.1 Neurotransmission 

Neurotransmission begins with the binding of a neurotransmitter to a specific site 

on the receptor protein called the NT recognition site. 

Receptor proteins are flexible and can adopt different shapes referred to as 

existing in different conformational states. These changes in the conformational states are 

brought about by the binding of a neurotransmitter to the receptors‟ recognition/binding 

site and are also the basis for the other parts of the receptor complex to detect this 

recognition event. Neurotransmitters bind to their respective receptors with varying 

affinities and this factor determines the efficiency of the binding. Conformational change 

also alters the affinity of the receptor, which can often exist in more than one 

conformational state with either low or high affinity for the neurotransmitter. A high 

affinity state promotes binding while a low affinity state promotes dissociation. The 

existing conformational state is mostly governed by the proteins involved in signal 

transduction complexed with the receptor but other mechanisms such as phosphorylation 

of specific amino acids can also regulate receptor affinity (Knapp, R. et al., 2003). 

1.2 Neurotransmitters 

Neurotransmitters (NT) are biochemical compounds of the central nervous system 

involved in facilitating the transmission of impulses between the neurons across 
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synapses. The transmission of the response is mediated by a specific neurotransmitter 

receptor capable of recognizing it. The characteristics of a biochemical compound that 

classifies it as an NT are that the molecule is synthesized and stored in a membrane 

enclosed vesicle in the neuron, present in the pre-synaptic region and released into the 

synaptic cleft on depolarization, involved in its activity at the post-synaptic region by 

binding to a receptor and removed or deactivated after its intended effect from the 

synapse. However these distinctions have become less stringent due to the evidence of 

neurotransmitters present at many non-synaptic sites and unusual neurotransmitter-like 

molecules such as nitric oxide. They are categorized into small molecules and much 

larger neuropeptides and can be broadly classified into (i) Biogenic amines (ii) Amino 

acids. 

Biogenic amines include acetylcholine (ACh) – an ester of acetic acid and 

choline, and monoamines like indolamines, catecholamines (eg. dopamine, epinephrine, 

nor-epinephrine) and histamines. The amino acid based neurotransmitters include 

Gamma Amino Butyric Acid (GABA), glutamate and glycine. Nitric oxide may be 

considered as the smallest neurotransmitter with a molecular weight of 30 Da. Most of 

the neurotransmitters are localized at specific discrete locations in the nervous system but 

three neurotransmitters adenosine, glutamate and glycine are present in each and every 

cell. Thus, these diverse structural and functional properties of the neurotransmitter make 

it very difficult to clearly categorize them. (Knapp, R. et al., 2003) 

1.3 Neurotransmitter Receptors 

The response produced by the neurotransmitter on the pre-synaptic region is 

primarily mediated to the post-synaptic side by specific receptors. These receptors which 

act as membrane proteins extend from the interior of the cell through the plasma 

membrane to the extracellular space. A neurotransmission recognition event on the 

extracellular side of the membrane is propagated by a conformational change in the 

receptor to the interior of the neuron. The effect may be direct, as seen in an ion-channel 

(ionotropic receptor) or indirect, as seen in a metabotropic receptor like G protein-

coupled receptors.   
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1.4 Acetylcholine Receptors 

The family of Acetylcholine receptors are ligand activated neurotransmitter 

receptors. They are integral membrane proteins activated by the endogenous 

Acetylcholine, which is synthesized, stored and released by cholinergic neurons. The 

family consists of two major subtypes, both expressed by neuronal as well as non-

neuronal cells throughout the body. (Dani, J.A. and Bertrand, D., 2007; Kalamida, D. et 

al., 2007). The Muscuranic metabotropic receptors form the first subtype and though 

relatively slow in activation (milliseconds to microseconds), they have been known to 

directly affect homeostasis of free calcium, Phospholipase C, Inositol triphosphate and 

cAMP. (Albuquerque, E.X. et al., 2009) 

1.4.1 Nicotinic Acetylcholine Receptors 

The second subtype includes fast ionotropic cationic channel receptors called 

Nicotinic Acetylcholine receptor (nAChR). They have a faster activation rate (in 

submicroseconds) and apart from acetylcholine, recognize nicotine as a ligand and 

produce an effect consistent with receptor mediated response on the nerve endings in an 

autonomic system- an historical finding by John Langley which gave us an insight into 

how a ligand can initiate and modulate a physiological process through receptors 

(Langley J.N., 1905). nAChR‟s are prototypes of the ligand gated ion channel (LGIC) 

superfamily and are also referred to as the Cys-loop receptor superfamily because of a 

conserved 13 residues sequence flanked by cysteines, that forms a loop in the ligand 

binding domain (LBD) of the receptor in all the members of the family (Kalamida, D. et 

al., 2007; Gotti, C. et al., 2009) (Figure1.1). The other members of the Cys-loop 

superfamily include receptors for Glycine, GABAA and 5 HT-3 Serotonin (Tsetlin, V. et 

al., 2011) and also Zinc-activated channels (Davies, P.A. et al., 2003), serotonin-gated 

chloride channels (Ranganathan, R. et al., 2000) and ACh gated anion channel 

(Raymond, V. and Sattelle, D.B., 2002). There are some exceptions in this superfamily 

for this particular Cys-loop as the ACh binding protein isolated from mollusks have only 

12 residues between the cysteines (Brejc, K. et al., 2001) and prokaryotic nicotinoid 

receptors which lack the Cys-loop altogether (Bocquet, N. et al.,2007). 
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1.4.1.1 Subtypes of nAChR 

All nAChR‟s are pentameric oligomers with the subunits arranged in a way as to 

form a central pore for the flow of ions. They share a three domain topology with four 

transmembrane helices. They all have a large extracellular domain with the ligand 

binding site, a transmembrane domain (TM), and an intracellular domain (Figure 1.1 for 

important residues and conserved features). The first breakthrough in the elucidation of 

the structure of this receptor was the isolation and the purification of the nAChR subtype 

from the electric organs of the fishes Torpedo and Electrophorus by Nigel Unwin and 

four types of subunits α,β,γ and δ (Unwin, N., 2005). Homology studies showed that the 

Torpedo nAChR subunits were closely related to the family of cDNA‟s in mammals 

encoding 17 structurally homologous subunits with primary structural identity (α1-10, β1-4, 

γ, δ and ε). These subunits assemble into a variety of receptors, with their 

pharmacologically different subtypes with distinct sites of expression.  

These receptors are expressed in major neuronal and even in non-neuronal cell 

types throughout the body (Conti-fine, B.M. et al., 2000; Gahring, L. and Roger, S.W., 

2005). Based on their major sites of expression nAChR‟s are subdivided into muscle type 

and neuronal type. Neuronal subtypes can exist as homopentamers of α subunits (eg. α7, 

α8, α9, α10) or heteropentamers of α and β subunits (eg. α3β4, α4β2, α4α2β3) or of two 

different α subunits (eg. α7α8, α9α10) (Zouridakis, M. et al., 2009). These different 

subtypes have varied and distinctive levels and sites of expression and functionality 

ranging from presynaptic to postsynaptic sides of the neuron as well as to non-neuronal 

cells such as endocrine, epithelial and immune system cells. (Gahring, L. and Roger, 

S.W., 2005). The altered number of these subtypes have thus implications in diseases 

such as Schizophrenia, Tourette‟s syndrome, attention deficit hyper-activity disorder, 

anxiety, depression and neuro-degenerative diseases such as Parkinson‟s and Alzheimer‟s 

diseases. They also have an important role in tobacco dependence and behavioral effects 

of nicotine (Gotti, C. and Clementi, F., 2004). 

Our study was concentrated on the other subtype called the muscle type nicotinic 

acetylcholine receptor. These are located at the postsynaptic side at the neuromuscular 
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end plate promoting fast chemical transmission of impulses from the connected motor 

neurons (Kalamida, D. et al., 2007). Muscle type nAChR‟s are basically heteropentamers 

with the α1 subunit and β1, γ and δ/ε subunits in 2:1:1:1 stoichiometry similar to the 

Torpedo α2βγδ. The α-subunits have a Cys-Cys pair close to TM1 which is a 

characteristic feature (Lukas, R.J. et al., 1999) and has been reported to play a role in 

agonist binding (Karlin, A. et al.,1986) (Figure 1.1). All subunits share about 40% 

identity to the α subunit. γ and δ/ε is involved with α subunit in ligand binding while the 

β1 subunit is involved in the clustering and assembly of the receptor. Also 

phosphorylation and glycosylation of γ and δ respectively is important for the assembly 

of the receptor (Sine, S.M. and Claudio, T., 1991; Wheeler, S.V. et al., 1994; Green, 

W.N. et al., 1991; Ramanathan, V.K. and Hall, Z.W., 1999). The γ subunit is mainly 

found in embryonic dennervated muscle spread throughout the muscle fiber whereas it is 

replaced by the ε subunit in adult innervated muscle, and is more concentrated in the end 

plate region of the fiber (Mishina, M. et al, 1986). The most common disorder involving 

the muscle type nAChR causing severe muscle weakness is an acquired autoimmune 

disease called Myasthenia Gravis (MG) where, in a majority of the affected patients, the 

autoantibodies target the muscle nAChR leading to an increase in the rate of nAChR 

internalization and degradation. The congenital MG is a genetic disorder of the 

neuromuscular junction caused mainly by the mutations that reduce the expression or 

alter the kinetics of the muscle nAChR (Zouridakis, M. et al., 2009). 

A lot of biochemical, molecular genetic and electrophysiological studies with the 

Torpedo nAChR have established structural definitions for the entire Cys-loop receptor 

family and more understanding is important because it is highly likely that despite all the 

differences at the level of detailed structure and mechanisms, these homologous ligand 

gated Cys-loop receptors are similar and insight into one is applicable to all. 

1.4.1.2 Architecture of the muscle type nAChR 

The muscle type nAChR is a heteropentamer complex of about 290 kDa with the 

five subunits arranged in a circular fashion forming an ion conducting pore. The order 

around the pore has been determined as αγαβδ in a clockwise direction when viewed 
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from the synaptic cleft. The channel opens when the ligand binds at or close to the 

interfaces between α and γ/ε subunits or α and δ subunits (Unwin, N., 2005; Sine, S.M. et 

al., 1995; Karlin, A. 1995). These two sites, resulting from intrinsic structural differences 

and formed by α/γ and α/δ, also lead to different affinities for agonists and antagonists 

(Sine, S.M., 1993) (Figure 1.2).  

All subunits share similarity in their amino acid sequence and a three domain 

topology i) a large NH2-terminal extracellular domain (~200 amino acids) which houses 

the ligand binding site and the famous Cys-loop. The extracellular domain is mainly 

composed of β strands and the β strands from all five subunits form a large hydrophobic 

β-sandwich core. ii) a prominently conserved hydrophobic transmembrane domain (TM), 

which loops the membrane four times (M1-M4) with each segment about 15-20 amino 

acids long. The M4 is hydrophilic and of variable length with an extracellular COOH-

terminal sequence. iii) A cytoplasmic loop of variable length and amino acid sequence 

(~100-150 amino acids) between M3 and M4 form the intracellular domain. These 

topology features act as the trademark characteristics of the extended family of subunits 

that form the Cys-loop ligand gated receptor superfamily (Unwin, N., 2005; 

Albuquerque, E.X. et al., 2009) (Figure 1.2). Also some important residues, playing a 

role in agonist binding, gating, ion selectivity, relieving the gate, lining the pore etc. have 

been indicated in the Figure 1.1. 

To date, it has not been possible to generate a 3D X-Ray structure of a complete 

mammalian nAChR. Although sufficient amount of protein was available, crystallization 

seemed to be difficult. Several attempts were made towards elucidating a 3D structure, 

but apart from very small non-diffracting 3D crystals of Torpedo nAChR, these studies 

did not yield much result. (Hertling-Jaweed, S. et al., 1988; Paas, Y. et al., 2003). The 

best representation of the receptor available to us is the atomic model of the Torpedo 

nAChR at 4Å resolution through electron microscopy studies of helical tubular crystals 

grown from membrane vescicles of  Torpedo Marmorata by Unwin (Unwin, N., 2005) 

(Figure 1.2) The model is mostly used as a foundation for homology modeling of other 

nAChR‟s. This structure gave us an overall knowledge of the shape, topology and 
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structure, but more information is needed about the spatial structure and interactions 

between the agonists and antagonists. A high resolution 3D X-ray crystallographic 

structure, homologous to the extracellular domain of the receptor emerged in 2001 

(Figure 1.3). The Acetylcholine binding protein (AChBP), isolated from the freshwater 

mollusk Lymnaea Stagnalis is a pentameric water-soluble protein without a 

transmembrane domain and showed primary sequence homology with the Cys-loop 

receptor subunits, and formed homomeric pentamers and bound nicotinic ligands with 

affinities similar to α7 nAChR (Brejc, K. et al., 2001). Another important finding was the 

Main Immunogenic Region (MIR), a region of overlapping epitopes from αTrp67-

αAsp71, the main target for the autoantibodies implicated in Myasthenia Gravis 

(Kalamida, D. et al., 2007). Recent findings indicate that an interaction between the N-

terminal of the α-helices and the residues in the MIR is important for the recognition of 

the MIR by the autoantibodies (Luo, J. et al., 2009). Recently, X-ray structures of 

bacterial homologues of the LGIC‟s of the Cys-loop family (GLIC and ELIC) have also 

been made available, giving insight into the gating mechanisms of the receptor (Bocquet, 

N. et al., 2007; Hilf, R.J.C. and Dutzler, R., 2008).  
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Figure 1.1 Basic structure of nicotinic acetylcholine receptor (Adapted from Albuquerque E.X. et al., 

2009) 

A) A basic linear sequence showing the three domain topology shared by the nicotinic acetylcholine 

receptor family. A large extracellular domain, a transmembrane domain looping the membrane 4 times and 

a variable loop between TM3 and TM4 forming the intracellular domain. Also marked in yellow is the Cys-

loop, highly conserved 13 residues flanked by cysteines, characterizing the Cys-loop superfamily to which 

nAChR‟s belong. The amino acids are indicated using the Torpedo α-subunit numbering system followed 

by Unwin (Unwin N., 2005). The Cys-Cys pair near the TM1 is also indicated. The green residues have 

been implicated in agonist binding while the orange ones with black dots in gating. In TM2, the grey 

residues form the gate and the blue residues help in relieving the gate, while the green residues lining the 

pore are important in conductance and ion selectivity. The lone Cysteine418 in TM4 helps in measuring the 

response of the receptor dependent on the lipid environment. The blue “Y” are N-linked glycosylation sites 

whose positions are varied among subunits. B) Unwin‟s EM structure of the Torpedo nAChR regenerated 

with coordinates from the protein Data Bank ID 1OED.pdb. The approximate dimensions are given. The 

ribbon structure of the α-subunit is shown representing the secondary structure of the primary sequence. 

The Cys-loop is marked in yellow. Also the C-loop housing the Cys-Cys pair extending from the core β-

strand to surround the agonist is indicated. The extracellular domain is largely β sheets and the TM domain 

α helices extending about 10Å beyond the membrane. The cytoplasmic domain is depicted as a large α 

helix, though it is likely to be of varying size. The entire receptor with a solid surface is shown to the right. 

The cone shaped receptor is slightly tilted relative to the 90° plane of the membrane. C) The view of the 

receptor from the extracellular side reveals the central pore, around which the five subunits are arranged 

with the TM2 of each subunit lining the pore. The ligand binding pocket between the α and the adjacent 

non-α subunit (γ/δ) is also indicated. One α-subunit is removed from the complex and the ribbons are added 

representing the secondary structure shows the β-strands in a barrel like portion directly over the TM 

domain. Also the extending C-loop covering the ligand is indicated. D) A solid fill view of the receptor as 

seen from the extracellular side showing the arrangement of the subunits as labeled. The TM domain 

strongly constricts the pore reducing the diameter near the gate to nearly 3Å. 
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These allosteric nAChR‟s can adopt three different conformations: (a) a closed or 

resting  state which does not favor ion conducting and with low affinity for agonist 

binding.(b) an open state which is ion conducting and with high affinity for agonist 

binding. These are active states existing transiently for milliseconds. (c) a desensitized 

state with high affinity for ligand binding but does not conduct. Ligand binding triggers a 

transition from closed to open state but prolonged exposure to the ligand leads the 

receptor into a desensitized state and termination of ion flow through the channel. The 

dissociation of the ligand from the binding site restores the receptor back to its closed or 

resting state (Sakmann, B. et al., 1980; Karlin, A. and Akabas, M.H., 1995). 
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Figure 1.2 Electron Micrograph structure of Torpedo nAChR at 4 Å resolution (Adapted from 

Unwin N., 2005)  

A) Ribbon diagram of the Torpedo nAChR as seen from the synaptic cleft (extracellular side) and B) 

parallel to the membrane plane. Trp149 a highly conserved key residue in forming the agonist binding site 

(gold) and the MIR has been indicated. Also the ACh binding pockets between interfaces of α/γ and α/δ is 

also shown. (C) side view of the α subunit in an orientation relative to the central axis. The ACh binding 

site mainly formed by the loops A, B and C are marked. The β1-β2 loop and the Cys-loop are in contact 

with the TM domain through the M2-M3 loop hence playing an important part in transducing the 

conformational change from the ECD to the TMD. Also the hydrophobic β-sandwich core formed by sets 

of β strands (two sets in red and blue) joined by the C-loop can be seen. 
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Figure 1.3 Crystal structure of Lamnea Stagnalis AChBP, a homologue of nAChR-Extracellular 

Domain at 2.7 Å resolution (Adapted from Brejc K. et al., 2001) 

A)  Top view shows each subunit of the homopentamer indicated in a different color and marked (A-E) 

with the five ligand binding sites in between the subunits shown in ball-stick representation. (B) The side 

view of the AChBP protomer from outside the pentameric ring. The Cys-loop indicates the principal side 

(Plus) side of the protomer and the hydrophobic core formed by the 10 β strands is also shown. Also 

indicated are the α-helix loops A, B and C, that forms the principal side of the ligand binding site; the Cys-

loop, the Cys-Cys pair and the region corresponding to the MIR epitope of the α1 subunit of the muscle 

type nAChR.   

1.4.1.3 Transmembrane Domain forming the pore of the Receptor channel 

In the transmembrane domain, α helices from all the five subunits are arranged in 

a quasi-symmetrical fashion looping the membrane four times (segments M1-M4) 

forming the ion conducting pore of the channel. An inner ring of M2 segments from each 

of the subunits are arranged facing the pore, while the rest of the 15 segments (M1, M3 

and M4) coil around each other forming an outer ring shielding the inner ring of M2 from 

the membrane lipids. The M2 segment, near the cytoplasmic end, is constricted and 

narrow forming a hydrophobic region near the middle of the channel and this region is 

considered to be the gate of the channel acting as an energy barrier to the flow of ions 

(Figure 1.2)(Unwin, N., 2005). Apart from α helical region (M1-M4), the small 

cytoplasmic loop between M1 and M2 and the extracellular loop between M2 and M3 

also form a part of the transmembrane domain and are functionally important. The M2-

M3 loop connects the transmembrane domain to the β1- β2 loop of the LBD in the 

extracellular region of the receptor (Figure 1.2 and Figure 1.4) (Kalamida, D. et al., 
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2007). Contrary to prior belief, electrophysiological studies have shown evidences that 

the protein packing around this region is tight and hence render reduced mobility and 

along with its strategic location at the interface of the two domains it supports the theory 

that this loop plays an important role in transduction of the conformational change in the 

LBD to the transmembrane domain and subsequently opening the channel (Wiltfong, 

R.E. and Jansen, M., 2009). Moreover the β10 strand connects the extracellular domain to 

the transmembrane domain via the M1 helix (Kalamida, D. et al., 2007). 

 

 
 

Figure 1.4 Pore region with the M2 domain from Unwin’s 4Å EM structure of Torpedo Marmorata 

nAChR (Adapted from Absalom N.L. et al., 2009) 

Ribbon diagram of the receptor with only two subunits is shown for clarity. M2 helix lining the channel 

pore is indicated in black. The small intracellular M1M2 loop and the extra-cellular M2M3 loop is marked. 

In the lower panel the transmembrane helix bundle as seen from the extracellular side (top view). 
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The five transmembrane helices each contributed by the five subunits form an inverted 

pentagonal cone with intervening spaces acting as windows of sizes comparable to 

hydrated Na
+
 or K

+ 
ions (< 8Å) flanked by negatively charged residues that form an 

electrostatic environment and thus create an obligatory path for the influx of only cations 

(Na
+
, K

+
, Ca

2+
) (Unwin, N., 2005). This acts as a charge and selectivity filter that 

facilitates cation flow and prevents anions and other large ions from passing through. 

There have been studies indicating M1 segment playing a role in gating while M3 and 

M4 have implications in receptor assembly and localization. The M2 segment lines the 

channel lumen and plays an important part in conductance and selectivity. Accessibility 

studies by Karlin and Akabas helped in the identification of the residues lining the 

channel in the M2 segment and understanding of the orientation of the residues, location 

of the gate, gating and charge selectivity etc. (Akabas, M.H. et al., 1994). We have very 

little knowledge of the thermal mobility of the M2 segment in closed and open states and 

how different subunits move relative to one another during gating transitions in the 

muscle type nAChR. 

1.4.1.4 Probing proximity and mobility of the M2 segment channel lining residues 

different subunits  

Disulfide trapping has been previously used to study proximity relationships and 

mobility between pairs of residues between many water-soluble and membrane-

embedded proteins. This method basically involves monitoring the disulfide bond 

formation between cysteine pairs to determine the mobility and flexibility of the region 

where the residues are present. In proteins of known structure it has been noted that the α-

carbons of the cysteine pairs should approach each other to be at least within 5.6Å of 

each other to form a disulfide bond (Careaga, C.L. and Falke, J.J., 1992; Wu, J. and 

Kaback, H.R., 1996). Albeit the separation distance is not the only factor determining the 

rate of bond formation, but also collision frequency, orientation of the sulfhydryl groups, 

oxidative environment and the proteins mobility or flexibility near the Cys residues 

(Kobashi, K., 1968). Considering favorable collision frequency and other energetic 

factors, disulfide bond formation can be promoted by providing an oxidative environment 

and hence can be used to study proximity and mobility relationships. Although the 
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covalent nature of the disulfide bond may trap rare conformational states and so cannot 

be used for definite measurements of protein deformation or average distances, it can 

give us a strong insight into the extent of the thermal motion of the subunit and thus can 

act as an important tool to measure the flexibility and mobility of the subunits. 

Disulfide trapping experiments were used in α and β subunits in GABAA to 

understand the proximity and mobility relationship between the M2 segments‟ channel-

lining residues between different subunits. (Horenstein, J. et al., 2001). Our aim was to 

probe the proximity and mobility of the M2 channel-lining residues on α and β subunits 

in the muscle type nACh receptor with the configuration (α1)2β1γδ in its closed state and 

compare it to the results from GABAA (Figure 1.5 and Figure 3.2). Accessibility studies 

on muscle type nAChR (Akabas, M.H. et al., 1994) helped identify the water accessible 

residues on the channel lining of the M2 segment facing the pore. Sequences were 

obtained from UniProt (Universal Protein Resource); 

http://www.ebi.uniprot.org/index.shtml) or RCSB PDB (Research Collaboratory for 

Structural Bioinformatics; http://www.rcsb.org/pdb/). A model of the mouse muscle 

nAChR based on the 4Å EM structure of receptor isolated from Torpedo marmorata 

(PDB: 2BG9) by Unwin was generated using the Swiss-PdB Viewer 3.7 

(http://spdv.vital-it.ch) (Wiltfong, R.E. and Jansen, M., 2009). With high alignment 

scores facilitating manual alignment and model building inside the software, this model 

was used to identify and select residues lining the channel of the nAChR especially the 

ones facing the pore. Cysteines were engineered at specific aligned positions on α and β 

subunits. The receptors with these wildtype and mutated subunits were expressed in 

Xenopus laevis oocytes for electrophysiological assay. Current amplitudes generated by 

the application of ACh to the oocytes, expressing the receptors, were measured by Two 

Electrode Voltage Clamp (TEVC) and these experiments were used to determine the 

functionality of the receptors with mutated subunits and also monitor the formation of 

disulfide bonds between the subunits. The presence or absence of disulfide bond between 

the aligned residues at each position was tested by examining the effects of an oxidizing 

agent such as a mixture of Copper and phenanthroline (Cu:Phen) and a reducing agent 

Dithiothreitol (DTT) on ACh induced current amplitudes. The DTT and Cu:Phen were 
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applied only in the absence of ACh to determine crosslinking among the subunits when 

the receptor was in a closed/resting state.  

The positions investigated are listed in the table 3.1. These positions cover the 

majority of the residues in α and β subunits facing the water accessible pore from the 

intracellular end of the M2 to the extracellular end of the M2M3 loop. 

 

 

Figure 1.5 Alignment of residues in and flanking the M2 segments of α1 subunit of GABAA and α 

subunit of nAChR (Adapted from Karlin A. and Akabas M.H., 1995) 

The residues postulated to be within M2 are underlined. The residues identified as accessible by substituted 

cysteine accessibility studies are marked by asterisk. All the investigated residues in nACh are accessible in 

GABAA also and results can be compared. 
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CHAPTER II 

 MATERIALS AND METHODS 

2.1 Reagents  

Acetylcholine (ACh): ACh (Sigma) was prepared as a 1M stock solution in water and 

was diluted to required concentrations in OR-2/CFFR 

Ca
2+ 

-free frog Ringer buffer (CFFR): 115 mM NaCl, 2.5 mM KCl, 1.8 mM MgCL2, 

10mM HEPES, pH 7.5 with NaOH 

Collagenase (Type 1A Sigma): 2mg/ml of collagenase was prepared in Ca
2+ 

free OR-2 

CUSO4 : stock solution of 100mM was prepared in water. CUSO4 and o-Phenanthroline 

were mixed in OR-2/CFFR just before use to a final concentration of 100:200 μM 

Cu:Phen 

Dithiothreitol (DTT): DTT (Sigma) was dissolved in water to obtain a 1M concentrated 

stock solution and then diluted in OR-2/CFFR just before application. 

Ethylene Glycol Tetraacetic Acid (EGTA): 0.5M stock solution of EGTA was prepared 

in water with a pH of 7.4 and was diluted to a concentration of 2mM in OR-2 before 

application. 

Horse serum media: 100 mM NaCl, 1 mM MgCl2, 2mM KCl, 1.8 mM CaCl2, 5 mM 

HEPES, 5% horse serum, 1% antibiotic-antimycotic 

Oocyte-Ringer Solution (OR-2): 82.5 mM NaCl, 1 mM MgCl2, 2mM KCl, 1.8 mM 

CaCl2, 5 mM HEPES 

o-Phenanthroline: 1M stock solution of o-Phenanthroline was made in DMSO  

Standard Oocyte Solution (SOS): 100 mM NaCl, 1 mM MgCl2, 2mM KCl, 1.8 mM 

CaCl2, 5 mM HEPES 
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2.2 Methods 

2.2.1 Mutagenesis 

An index numbering system is used to name the M2 segment residues that 

promote comparison of M2 segments of different members of the superfamily. There is a 

conserved positively charged residue near the cytoplasmic end defined as 0‟ position 

(Miller, 1989). Residues towards the C-terminal of the 0‟ position are termed 1‟, 2‟, 3‟… 

consecutively and the ones towards the N-terminal are termed -1‟, -2‟, -3‟…A conserved 

ring of charged residues in Cys-loop subunits called as nAChR extracellular ring of 

charge is aligned with the residue at the 20‟ position (Imoto, et al., 1988). The exact start 

and end of the M2 segment is not well defined and for our study we have defined the M2 

segment to end with 28‟ (αA270) and the M2-M3 loop to cover the residues from 29‟ to 

35‟ (αV271 to αY277) (Wiltfong, R.E. and Jansen, M., 2009). 

Because the mouse α1 subunits have endogenous Cys in the extracellular domain 

near the M1 segment, we used a Cysteine minus (S-S) construct to ensure that the 

endogenous Cys did not complicate the interpretation of our results. In the S-S constructs, 

the endogenous α1C192 and α1C193 were mutated to serine. For the course of this study, 

all the references made to a receptor with wildtype subunits indicate the wildtype S-S 

construct. Mouse muscle nAChR subunits cloned in pSP64T plasmid were used to 

generate α1 and β1 subunits with the desired mutations (Akabas et al., 1994). Using site-

directed mutagenesis Cysteines were engineered, one at a time, at different positions in α 

and β subunits. We used α1 and β1   S-S wildtype (wt) as templates for PCR with 

appropriate forward and reverse mutational primers (Sigma, St. Louis, MO) to introduce 

cysteines at desired positions using the QuikChange
®
 kit (Stratagene, La Jolla, CA). We 

had Cys-mutants at 21‟, 20‟, 17‟, 9‟, and 6‟ positions in the M2 segment for α and β 

subunits. All mutant subunits were verified by automated DNA sequencing at Genewiz 

Inc. to confirm the mutation and to ensure that there were no other mutations. DNA 

isolation was done using the Wizard
®
 Plus Minipreps DNA purification system from 

Promega (Madison, WI). After confirming the mutation by sequencing, a 50 ml culture 
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was grown and DNA isolated by the Wizard
®
 Plus Midipreps DNA purification system 

from Promega (Madison, WI). 

2.2.2 Preparation of mRNA 

For in vitro mRNA transcription, all mutant subunits in the pSP64T plasmids 

were linearized. α- and γ-subunits were linearized with XbaI, β with SacI, and δ with 

BamH1. Capped mRNA was synthesized in vitro with SP6 RNA polymerase (SP6 

mMessage mMachine kit, Ambion). mRNA was recovered with mMega Clear kit 

(Ambion) followed by precipitation with ammonium acetate and finally dissolved in 

Nuclease-free water (Ambion) and stored at -80°C. 

2.2.3 Oocyte Expression 

Female Xenopus laevis were purchased from Nasco Science (Fort Atkinson, WI).  

X.laevis were anesthetized with tricaine (2mg/ml) before the ovary lobes were surgically 

removed and stage V-VI oocytes were defolliculated with collagenase treatment 

(2mg/ml) for I hour under mild agitation in calcium free oocytes ringer 2 solution (OR-

2). Oocytes were then washed with OR-2 solution with Ca
2+

 three times at 45 minute 

intervals. Oocytes were kept in horse serum media (SOS Media-100 mM NaCl, 1 mM 

MgCl2, 2 mM KCl, 1.8mM CaCl2, 5mM HEPES), supplemented with 5% horse serum, 

1% antibiotic-antimycotic (100X) liquid (10000 IU/mL penicillin, 10000 μg/mL 

streptomycin, and 25 μg/mL of amphotericin B; Invitrogen, Carlsbad, CA), at 16
o
C. The 

following day after being harvested, oocytes were injected with, using the microinjection 

apparatus (Drummond, Bromall, PA), 50 nl of mRNA (0.2µg/µl)/oocyte mixed in the 

ratio of 2:1:1:1 (α:β:γ:δ). Experiments were conducted on the 3
rd

 or 4
th
 day after injection. 

2.2.4 Electrophysiology using a Two Electrode voltage clamp 

Two-electrode voltage-clamp experiments were conducted at room temperature. 

Oocytes were perfused at ~5-6 ml/min with CFFR or OR-2 in a ~200 µl chamber. 

Currents were recorded from single oocytes at a holding potential of -60mV. The ground 

electrode was connected by a 3 M KCl/Agar bridge to the bath. Glass microelectrode 

resistance was <2 MΩ when filled with 3M KCl. Data were acquired at 200 Hz and 

analyzed using a TEV-200 amplifier (Dagan Instruments), a Digidata 1440 series data 
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interface (analog-digital converter) and a pClamp 10.2 software (Molecular Devices). 

Currents (IACh) elicited by ACh applications were separated by sufficient wash with the 

running buffer for the oocytes to be able to completely recover from desensitization. 

Currents were considered to be stable if consecutive IAch vary by ≤ 10-15%. All 

experiments were performed on at least 3 oocytes from two different batches of oocytes. 

2.2.5 Concentration-response analysis  

A stable IAch was obtained for an oocyte at an approximate half maximal effective 

concentration (EC50) of ACh. Then progressively increasing concentrations of ACh was 

applied to the oocyte expressing the wild-type or a particular mutant receptor. Even lower 

concentrations than the EC50 were also applied to finally obtain a complete range of 

concentration-response data. Currents were normalized to the maximal ACh-induced 

current (Imax). The ACh concentration-response relationship was determined for wild-type 

and each mutant by least-squares minimization (GraphPad Prism version 5.01 for 

Windows, GraphPad Software) of the currents to a logistic equation of the form: 

I/Imax*100 = 1/(1 + 10
^
((log EC50 – [ACh])*nH), where nH is the Hill coefficient and EC50 

is the ACh concentration that elicits 50% of the maximal current. Parameters from 

several oocytes were averaged to obtain the mean EC50 and Hill coefficient. Data are 

presented as mean ± SEM. 

2.2.6 Monitoring formation of Disulfide bonds 

To determine whether disulfide bonds were forming in the closed state, we 

performed the following experiment: Once a stable ACh induced test current (I) was 

achieved at an EC40-60 concentration, we let the oocyte perfuse in 10mM DTT for 2 

minutes. After a washout period of 6 minutes in the running buffer, the EC40-60 test 

currents were recorded again (IDTT). Any potentiation by application of DTT was 

calculated as follows:    effect% = (IDTT/I) X 100. This test was done basically to 

determine the extent of any spontaneously formed disulfide bonds. The oocyte was then 

perfused in 100:200 µM Cu:Phen for 2 minutes. After allowing the reagents to wash off 

for 6 minutes, two more ACh test pulses (ICu:Phen) were applied. A second application of 

10mM DTT following the ICu:Phen was used to test the reversibility of the Cu:Phen effect. 
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Inhibition of the current by disulfide bonds by Cu:Phen was calculated as: effect% = 

(ICu:Phen/I) X 100. Cu:Phen induced oxidation was performed for each oocyte in the 

absence of ACh to determine the extent of crosslinking when the receptor is in the closed 

state.  
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CHAPTER 3 

 RESULTS 

3.1 Concentration response analysis to determine EC50 

We investigated five positions in the M2 segment namely 21‟, 20‟, 17‟, 9‟ and 6‟ 

by expressing single and double Cys-mutants (for α and β along with wildtype γ and δ 

subunits) in X. laevis oocytes. All constructs localized at the cell membrane and were 

functional as ACh evoked a current for all of them, which was measured by two-

electrode voltage-clamp experiments. The concentration of ACh required to evoke a half 

maximal response (EC50) was determined for all mutants. ACh EC50 variation seen in 

some of the mutants was approximately 10-100 folds when compared to the wild type 

receptor (Table 3.1). The highest EC50 recorded was for the 20‟ double Cys-mutant (0.83 

± 0.14 mM) and the lowest was for the 9‟ double Cys mutant (0.02 ± 0.007 mM). The 

ACh pulse applied to any particular mutants was 40-60% of its EC50 concentration. The 

Hill coefficients showed positive cooperativity for all the mutants. They ranged from 1.06 

± 0.04 for the wildtype to 1.74 ± 0.1 for 21‟ mutant (Table 3.1). 

   Table 3.1 ACh EC50 and nH for the Cys mutants investigated 

Mutant  EC50 Sem nH sem n 

 

mM 

    

      αs-s wild type 0.15 0.03 1.06 0.04 5 

20'   262/273 1.2 0.13 1.33 0.09 8 

20'   262/wt 0.55 0.17 1.2 0.05 5 

20'   wt/273 0.002 - 1.71 - 1 

17'   259/270 0.16 0.04 1.55 0.07 4 

17'   259/wt 0.31 0.015 1.32 0.075 2 

17'   wt/270 0.0017 - 1.4 - 1 

9'     251/262 0.54 0.09 1.24 0.07 4 

9'     251/wt 0.09 0.05 1.32 0.21 3 

9'     wt/262 0.14 0.005 1.65 0.15 2 

21'   263/274 0.05 0.03 1.74 0.1 3 

21'   263/wt 0.07 0.015 1.28 0.08 3 

21'   wt/274 0.15 0.05 1.54 0.04 2 
 

EC50 values and Hill coefficients are given with s.e.m (error of mean) and „n‟ denotes the no. of 

oocytes. The dose-response curves of the double mutants compared to wild type is shown in Figure 3.1. 
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Figure 3.1 ACh Dose-response curve for double Cys mutants at 20’(A), 17’(B), 9’(C) and 21’(D) 

compared with αs-s wildtype  

The maximum variation seen in these mutants when compared to the wildtype is about 100 fold (Table 

3.1). In all the curves, the one marked with □ represents the wildtype.  

3.2   Effect of DTT and Cu:Phen on wt and 20’ Cys mutant 

We recorded ACh induced currents (IAch) from oocytes expressing muscle type 

nACh receptors with wild type α1, β1, γ and δ subunits. Recordings were also obtained 

from double mutants with two engineered cysteines, one each in α1 and β1 subunit at the 

20‟ position in the M2 segment and single mutants with one engineered cysteine, in either 

the α1 or the β1 subunit with rest of the wild type subunits. Dithiothreitol (DTT) contains 

two sulfhydryl groups and can convert protein disulfides to sulfyhydryls and thus acts as 

a bond-reducing agent. We applied DTT (10mM) for 2 minutes in the absence of ACh to 

the oocytes after obtaining an initial stable IAch and then let the buffer wash away any 
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excess DTT for at least 6 minutes. IAch recorded after the DTT application showed no 

variance in the oocytes expressing wild type receptors indicating absence of any disulfide 

bonds between the subunits. While, in the oocytes with the 20‟ double Cys-mutant 

subunits, comparatively there was a significant potentiation in ACh induced current when 

compared to the wts-s response (82 ± 3%), peak IAch increased to 258 ± 32% of initial 

current amplitude (considered as 100%) (Figures 3.3 and 3.4) and may be explained by 

the reduction of any spontaneously formed disulfide bonds between the cysteines in the 

subunits. But, under the same conditions, single α and β Cys-mutants did not show any 

significant difference in the IAch compared to the wts-s (95 ± 5% & 96 ± 1%  of the initial 

current respectively), indicating no crosslinking occurred between nonadjacent α subunits 

at this position. The single α Cys mutant was tested to check if the crosslinking was 

occurring between adjacent α and β subunits or nonadjacent α subunits across the 

channel. The single β mutant was supposed to be acting as a control and no change in the 

IAch was expected (Figures 3.1, 3.5 and 3.6).  

To check the reversibility and confirm the crosslinking the oocytes were perfused 

with the oxidizing reagent copper-o-phenanthroline (Cu:Phen). In presence of ambient 

molecular oxygen (dissolved oxygen in CFFR/OR2) Cu:Phen, by catalyzing formation of 

hydroxyl radicals and superoxides, promotes the oxidation of sulfhydryl groups to 

disulfides and rarely to higher oxidation states ( Kobashi, K., 1968). Cu:Phen (100:200 

µM), applied in the absence of ACh to the oocytes for 2 minutes followed by a wash for 

at least 6 minutes to wash away remnants, reversed the effect of DTT on the IAch for 20‟ 

double mutant and even inhibited the current amplitude to 30 ± 9% of the initial current 

amplitude. However there was no significant change in the IAch for the wt or 20‟ single α 

or β mutants (90 ±8% & 98 ±2% respectively) (Figures 3.5 and 3.6). This confirmed the 

formation of disulfides between the engineered cysteines on adjacent α and β subunits for 

20‟ double Cys-mutants and the absence of any crosslinking in the wild type or single 

Cys-mutants at the 20‟ position (Figures 3.2-3.5) (Table 3.2). 
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3.3   Effect of Cu:Phen and DTT on 17’ Cys mutants 

At 17‟ position, one helical turn below the 20‟ position, the channel is a bit more 

constricted and the subunits a little closer (Figure 3.10). Similar experiments as 20‟ were 

done with oocytes expressing 17‟ Cys mutants. An initial application of DTT did not 

show any significant changes in the ACh induced current amplitudes compared to the  

wts-s and so for these oocytes Cu:Phen was applied first. There was a significant 

inhibition of IAch after the Cu:Phen application in the 17‟ double Cys mutants, current 

amplitude inhibited to 25 ± 8% of the initial response, indicating formation of disulfide 

bonds between the subunits. However the single α and β Cys-mutants did not show any 

significant difference in the current amplitude (106 ± 14% & 90 ± 3% of the initial 

response respectively) and thus indicating that there was no crosslinking between the 

nonadjacent α subunits even at the 17‟ position (Figures 3.7 - 3.9). 

Following the IAch measurements after Cu:Phen application, the oocytes were 

subjected to 10mM DTT for two minutes to check if the effects were reversible. The 

inhibition in the IAch for the double Cys-mutants was almost reversed by DTT (76 ± 9 % 

of the initial response) confirming the formation of disulfide bonds between cysteines on 

the adjacent α and β subunits. There was no effect of DTT on the IAch of the single α and 

β Cys mutants (Figures 3.6-3.8) (Table 3.1). 
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Figure 3.2 (A) Subunit arrangement and schematic representation of the functional states in muscle 

type nAChR (Adopted from Karlin A. and Akabas M.H., 1995) (B) Subunit arrangement and 

rotational movements in closed and open state of GABAA receptor (Adapted from Horenstein J. et 

al., 2001)  

(A)The ACh binding sites between α/γ and α/δ are indicated by a „+ and –„ sign. The red lines indicates the 

probable disulfide linkage positions between the subunits. (B) The five circles represent the M2 segments 

at the 6‟ position in GABAA receptor. The β subunit shaded in grey indicates the subunit not involved in 

forming the GABA binding sites. The agonist (GABA) binding sites are postulated to be at the other two α-

β interfaces adjoining the shaded β subunit.   

 

 

 

 

               

 

A       B 

Figure3.3 Effect of DTT and Cu:Phen on α S-S wt 

A column graph of the mean readings of all the oocytes is shown. There is no significant difference in the 

current amplitude (normalized to the first current amplitude) on application of 10mM DTT (82 ± 3% of the 

initial current amplitude response) or 100:200µM Cu:Phen (85 ± 3% of the initial response) (B) A 

representative current trace for the experiment is shown. DTT and Cu:Phen applied without ACh shows no 

significant change in the current amplitude. For all the current traces shown in the result section, bars above 

the traces indicate the period and sequence of application of the reagents on the left. Current traces during 
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DTT and Cu:Phen application are not shown. Holding potential for all the readings was at -60mV. Current 

traces were separated by atleast 6 min. wash period and the current trace during the period is not shown.  
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Figure3.4 Effect of DTT and Cu:Phen on 20’ double  Cys mutants 

(A) and (B) for the 20‟ position indicate a significant potentiation (258 ± 32%) after the application of 

10mM DTT. The effect was reversed by 100:200µM Cu:Phen (29 ± 9%). 

 

 

 

 

     

 

 

 

A                     B 

Figure3.5 Effect of DTT and Cu:Phen on 20’ single α mutant 

(A)(B)Neither 10mM DTT (95 ± 5%) nor Cu:Phen (90 ± 8%) application for 2 mins show any significant 

effect on the current amplitude.  
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A                                                                           B 

Figure3.6 Effect of DTT and Cu:Phen on 20’ single β Cys mutant 

There is no significant change in the ACh induced current amplitudes by the application of DTT (96 ± 1%) 

or Cu:Phen (98 ± 2%) 
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Figure3.7 Effect of DTT and Cu:Phen on 17’ double Cys mutants 

(A)(B) This set shows the effect of DTT and Cu:Phen for the 17‟ position. Two sets of experiments were 

done, one with initial application of DTT and other with initial application of 100:200 µM Cu:Phen for 2 

mins. In both the cases a significant inhibition in ACh induced current amplitude was seen which was 

reversed by 10mM DTT applied for 2 mins.   
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A       B 

Figure3.8 Effect of DTT and Cu:Phen on 17’ single α Cys mutant 

(A)(B) There was no significant change in the ACh induced current amplitude by the 2 min application of 

10mM DTT or 100:200µM Cu:Phen.  
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Figure3.9 Effect of DTT and Cu:Phen on 17’ single β Cys mutant 

(A)(B) There was no significant change in the ACh induced current amplitude by 10mM DTT or 

100:200µM Cu:Phen applied for 2 mins. 
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Figure3.10 Mutated positions in the adjacent α and β subunits of the M2 segment  

The figure shows a side view of the blown up portion of the M2 segment residues in the adjacent α and β 

subunits that were tested for proximity and mobility. The residues marked are on the helical ring facing the 

pore of the channel.  

3.4   Effect of DTT and Cu:Phen on 9’ Cys mutants 

9‟ in the M2 segment, α-L251, is hypothesized as forming the gate of the channel 

with the aligned residues in the other subunits but residues much more near the 

cytoplasmic end, as close as 2‟, have been shown to be accessible making the precise 

location of the gate difficult to ascertain (White B.H. and Cohen J.B., 1992; Karlin A. 

and Akabas M.H., 1994). In the oxidation-reduction experiments as in 20‟, it was noticed 

that Cu:Phen significantly inhibited the initial IACh (to 27 ± 5% of the initial response) in 

not only the double Cys mutants but also in the individual α-Cys mutants (51 ± 6%). This 

effect was almost reversed by DTT. This indicated that disulfide bonds formed between 

cysteines on adjacent α and β subunits as well as nonadjacent α subunits across the 

channel. While, the single β-Cys mutant did not show significant change in the IACh after 

DTT (93 ± 3%), there was a significant change after Cu:Phen (124 ± 5%). Further 

experiments need to be done investigating whether the effect was due to (1) Chelation of 

Cu
2+

 (by checking the reversal of Cu:Phen effect by EGTA) or (2) Oxidation of β-Cys 
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mutants to higher oxidation states (sulfinic acid or sulfonic acid) (Table 3.1) (figures 3.1, 

3.9-3.11). 

3.5   Effect of DTT and Cu:Phen on 21’ Cys mutants 

At 21‟ in the M2 segment, the engineered cysteine on the β subunit was oriented 

in a direction facing away from the pore of the channel while the cysteines on α subunits 

were facing in towards the pore. In the oxidation and reduction experiments by Cu:Phen 

and DTT, there was no significant effect on the IACh in the double Cys mutants (88 ±3% 

after Cu:Phen and 94 ± 3% after DTT) as well as single Cys mutants (Table 3.1). This 

indicates absence of formation of any disulfide bonds even in the presence of an 

oxidizing environment. 

3.6   Effect of DTT and Cu:Phen on 6’ Cys mutants   

The channel is very narrow and constricted near the cytoplasmic side at the 6‟ 

position. ACh induced currents were very small for the receptors with 6‟ Cys mutant 

subunits. There seems to be an effect of Cu:Phen and DTT on the IACh (data not shown) 

but it cannot be clearly deduced because of the low current amplitudes.  
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Figure 3.11 Effect of DTT and Cu:Phen on 9’ double Cys mutants 

(A)(B) Two sets of experiments were done with 10mM DTT applied initially in one set and 100:200µM 

Cu:Phen applied initially in the other. In both the cases there was a significant inhibition of ACh induced 

currents by 2 min application of 100:200µM Cu:Phen. This effect was reversed 10mM DTT (Table 3.1). 

The leak current increased during the application of Cu:Phen, but the baseline was stable before every ACh 

pulse. 
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Figure3.12 Effect of DTT and Cu:Phen on 9’ single α cys mutant 

(A)(B) Two sets of experiments were done, where in the first set, 10mM DTT was applied first and the 

Cu:Phen and vice-versa in the second set. In both the cases 100:200µM Cu:Phen applied for 2 mins 

inhibited the ACh induced current amplitude significantly. This effect was reversed by 10mM DTT (see 

table 3.1). Also the recovery of the current trace in figure (B) was only observed in 2-3 oocytes, while in 

the rest of the oocytes current amplitudes did not properly recover after Cu:Phen application. 

 

 

 

 

 

 

 



   Texas Tech University, Robin Rajan, August 2011. 

33 

 

 

 

 

 

 

 

A       B 

Figure3.13 Effect of DTT and Cu:Phen on 9’ single β Cys mutants. 

(A)(B) There was no significant effect of 2 min. application of 10mM DTT, but 100:200µM Cu:Phen 

induced significant change in the current amplitude.   

 

A       B 

Figure3.14 Effect of DTT and Cu:Phen on 21’ double Cys mutants 

(A)(B) No significant effect was seen on the ACh induced current amplitude after the application of 10mM 
DTT or 100:200µM Cu:Phen for 2 mins. 
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Figure3.15 Effect of DTT and Cu:Phen on 21’ single α Cys mutants 

(A)(B) There was no significant change in the ACh induced current amplitude by the 2 min application of 

10mM DTT or 100:200µM Cu:Phen 
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Figure3.16 Effect of DTT and Cu:Phen on 21’ single β Cys mutants 

(A)(B) No significant effect was seen on the ACh induced current amplitude after the application of 10mM 

DTT or 100:200µM Cu:Phen for 2 mins. 
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  Table 3.2 Effect of oxidation and reduction on all Cys mutants tested 

% effect of DTT and Cu:Phen refers to the final % of potentiated or inhibited current amplitude when 

compared to the 100% of initial current amplitude evoked by ACh. Sem indicates the error of the mean and 

n the number of oocytes. & indicates the set of experiments where Cu:Phen was applied initially as 

opposed to DTT. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mutant  DTT 
 

Cu:Phen 
 

DTT 
  

 

% 
effect sem % effect sem 

% 
effect sem n 

        αs-s wild type 82 3 85 3 - - 8 

20'   262/273 258 32 29 9 - - 9 

20'   262/wt 95 5 90 8 - - 6 

20'   wt/273 96 1 98 2 - - 8 

17'   259/270 94 1 24 2 - - 4 

17'   259/270 & & 25 8 76 9 7 

17'   259/wt 94 7 106 14 - - 5 

17'   wt/270 96 3 90 3 - - 5 

9'     251/262 89 5 45 10 - - 7 

9'     251/262 & & 27 5 62 6 15 

9'     251/wt 93 5 51 6 - - 11 

9'     251/wt & & 64 4 83 7 21 

9'     wt/262 93 3 124 5 - - 5 

21'   263/274 89 3 94 3 - - 11 

21'   263/wt 83 3 88 5 - - 6 

21'   wt/274 96 2 115 10 - - 9 
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CHAPTER IV 

 DISCUSSION 

We investigated five α-subunit and five β-subunit Cys mutants at different 

positions in the M2 namely 21‟, 20‟, 17‟, 9‟ and 6‟ (Figure 3.9). All the mutant subunits 

formed functional receptors and were trafficked to the cell membrane because all of them 

evoked a current response on application of ACh. Apart from an oxidizing environment 

the propensity of a disulfide bond formation depends on structural factors such as average 

separation distance between the α-carbons of the aligned Cys residues and their relative 

orientation and dynamic factors such as thermal mobility, collision frequency of the 

residues and the flexibility of the regions in the subunit containing the aligned Cys 

residues (Careaga, C.L. and Falke, J.J., 1992). We engineered Cysteines in place of 

aligned channel lining residues at different positions in the α1 and β1 subunits in the M2 

segment. Pairs of the aligned Cys-mutants were tested for expression and their ability to 

form disulfide bonds spontaneously or under induced oxidative conditions. We tested the 

ability of DTT to alter ACh-induced current amplitudes to check for the presence of any 

spontaneously formed disulfide bonds and that of Cu:Phen to assay the ability to induce 

formation of any disulfide bonds. These applications were in absence of ACh to examine 

these propensities when the receptor is in a closed state. In electrophysiological assays, it 

was seen that disulfide bonds formed between Cys residues on different subunits at three 

different levels in the M2 segment, two near the extracellular end (at 20‟ and 17‟ 

positions) and one below the middle of the segment at (9‟ position).   

It has been proposed that the closed channel gate is located at the 9‟ position 

(Unwin, N., 2005), between 9‟ and 13‟ positions (White, B.H. and Cohen, J.B., 1992) or 

at a more cytoplasmic position at 2‟ (Wilson, G.G. and Karlin, A., 1998). We observed 

reversible disulfide bonds formation at 9‟ position in the closed state in double mutants, 

that inhibited the ACh induced currents to about 27 ± 5% of the initial peak current.  

Although not spontaneously, but induced by oxidation with Cu:Phen, these bonds could 

have been formed between adjacent α and β subunits or between non adjacent α subunits 

across the channel. However it can be proposed that bonds between non adjacent α 
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subunits opposite to each other across the channel would occlude the channel more 

completely (figure 3.1). The effect of Cu:Phen in single Cys mutants with the mutations 

only in the α subunits was examined. It was observed that the initial ACh-induced current 

amplitude was inhibited to 51 ± 6%, which was reversed by DTT, implying the channel 

could open, though less efficiently. An explanation can be that the subunits rotated during 

channel opening in such a way as to allow some permeability or alternatively, although 

unlikely, there might be a subset of receptors that did not form disulfide bonds and 

contributed to the current response. But, there was enough movement of the subunits to 

bring them into closer proximity promoting crosslinking to some extent. Thus this part of 

the segment is not as rigid as it would be if forming the gate of the closed receptor. The 

single Cys mutant with mutation only in the β subunit was also expressed and assayed as 

a control. Although there was a slight increase in the leak conductance there was no 

effect of DTT or Cu:Phen on the ACh induced current response. In a similar kind of 

study with the GABAA receptor (modeled from the same Torpedo nAChR) (Horenstein, 

J. et al., 2001), this position was examined for mobility and flexibility. The subunit 

configurations in both the GABAA and the muscle type nAChR is comparable (Figure 

3.2) except that the primary subunit involved in agonist binding in acetylcholine receptor 

is α subunit whereas it is β subunit in the GABAA receptor. The 9‟ position in the 

GABAA receptor resulted in a large leak conductance, however no disulfide bond 

formation was observed. 

At the 17‟ position (Figure 3.9), the channel is a bit more constricted and the subunits are 

a little closer and although not spontaneously, crosslinking was seen in the double Cys 

mutants. On application of Cu:Phen, the initial ACh-induced current amplitude was 

inhibited to 24 ± 8%, which was reversed by DTT. The disulfide bonds formed almost 

occluded the channel but it cannot be completely determined if these bonds were formed 

between adjoining α and β subunits or between non-adjacent α-subunits or both. 

However, the similar application of Cu:Phen to the single α-Cys mutants did not show 

any significant effect on the current amplitudes (106 ± 14%) and thus indicating absence 

of any disulfide bonds between the nonadjacent α-subunits. This may be due to the lack 

of enough collision frequency or mobility between those subunits or the relative 
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orientation of the cysteines. The single β-Cys mutants assayed as a control also did not 

show any significant effect on the ACh-induced currents by application of Cu:Phen (90 ± 

3% of the initial peak) or DTT (96 ± 3% of the initial current amplitude).  

The 20‟ position in the acetylcholine receptors is known to possess the 

extracellular ring of charge that plays an important role in the conductance and selectivity 

(Imoto, K. et al., 1988). The double Cys mutants at this position formed disulfide bonds 

spontaneously and were reduced on the application of DTT which led to current peak 

potentiation (258 ± 32%). The opening of the channel was significantly inhibited after the 

subsequent application of Cu:Phen (29 ± 9%), indicating disulfide bonds forming 

between the cysteine containing α and β subunits. However in the single α-Cys mutants, 

no considerable effects of Cu:Phen was seen on the ACh induced current amplitudes (90 

± 8%) indicating the inability to form disulfide bonds between non adjacent α-subunits 

(Figure 3.1).  The single β Cys-mutant, examined as a control also did not show any 

effect of Cu:Phen or DTT on the ACh-induced current (Table 3.1). However the 

spontaneous formation of disulfide bonds in the double Cys-mutants does indicate a 

greater collision frequency between the subunits containing the cysteines and thus it can 

be proposed that the extracellular end of the M2 segment possesses greater flexibility and 

mobility compared to the cytoplasmic side of the M2, which may be more rigid. In the 

GABAA receptor study, between the non adjacent subunits at the 17‟ and 20‟ positions, 

disulfide bonds were formed spontaneously. In GABAA receptors, these were β subunits 

and they presumably had a greater flexibility and collision frequency enough to crosslink 

across the channel (Horenstein, J. et al., 2001). Being comparable to α subunits in the 

nAChR (Figure 3.1), we tried another oxidizing agent, hydrogen peroxide, to try induce 

disulfide bonds between nonadjacent α subunits across the channel but without success 

(data not shown). 

The 21‟ position, where the cysteine engineered on the β subunit was facing 

inside towards M1 and away from the pore, was examined as an overall control with 

respect to the orientation of the Cys residues. No evidence of disulfide bond formation 

was observed in the double as well as the individual Cys mutants. The cysteines on the 
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non adjacent α-subunits however were facing towards the pore but failed to crosslink (see 

table 3.1). The current amplitudes measured for the 6‟ mutants were too small to clearly 

determine the effect of DTT or Cu:Phen (data not shown) and hence was not considered. 

The average separation required between the α-carbons of the engineered 

cysteines is 5.6Å, thus the subunits must move to bring the cysteines closer to this 

distance. However the separation may be greater and the closer arrangement as being 

adjacent may represent a transient conformation. The greater flexibility of the 

extracellular end of the M2 is consistent with the findings in acetylcholine receptors, that 

the extracellular end of the M2 segment undergoes greater conformational changes 

during gating whereas the cytoplasmic end undergoes a rigid body motion that keeps the 

pattern of the backbone hydrogen bonds intact (England P.M. et al., 1999). Although not 

an exact measure of the average distance or extent of conformational change the 

crosslinkings observed at 20‟ and 17‟ and 9‟ does indicate the extent of movement and 

flexibility of the M2 regions containing these residues. 
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CHAPTER V 

 CONCLUSIONS 

To summarize, we investigated channel lining residues facing the pore at five 

different positions in the M2 segment of the muscle-type nicotinic acetylcholine receptor. 

These positions were in the upper part of the M2 segment (21‟, 20‟, and 17‟) and below 

the middle of the segment (9‟) and we inferred that the M2 segment in between these 

positions are flexible and show translational movement when the receptor is in the closed 

state. The spontaneous formation of disulfide at the 20‟ positions also indicated that the 

extracellular end of the M2 segment may be more mobile than the intracellular side. At 

the 9‟ position there has been indication of a partial inhibition of the ACh induced current 

amplitude. A continuation to this study would be a verification of these 

electrophysiological results by biochemical assay of all the examined residues to confirm 

that that these functional effects were due to the formation of intersubunit disulfide 

bonds. Also the same electrophysiological assay can be performed for the receptor in the 

open state to understand the extent and the symmetry of the thermal motion and the 

structural rearrangements in the M2 segment in these subunits and thereby its 

implications in the channel gating process. Also all the other residues in the M2 segment 

need to be explored to have a complete understanding of the dynamic movement of the 

channel lining M2 segments and thus add more information to the static picture of the 4 

Å EM structure of the receptor 
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